Additive manufacturing, more commonly known as 3D printing, has become a commercially established technology for rapid prototyping and the fabrication of bespoke intricate parts. Optical components, such as mirrors and lenses, are now being fabricated via additive manufacturing, where the printed substrate is polished in a post-processing step. One application of additively manufactured optics could be within the astronomical X-ray community, where there is a growing need to demonstrate thin, lightweight, high precision optics for a beyond Chandra style mission. This paper will follow a proof-of-concept investigation, sponsored by the UK Space Agency's National Space Technology Programme, into the feasibility of applying additive manufacturing in the production of thin, lightweight, precision X-ray optics for astronomy. One of the benefits of additive manufacturing is the ability to construct intricate lightweighting, which can be optimised to minimise weight while ensuring rigidity. This concept of optimised lightweighting will be applied to a series of polished additively manufactured test samples and experimental data from these samples, including an assessment of the optical quality and the magnitude of any print-through, will be presented. In addition, the finite element analysis optimisations of the lightweighting development will be discussed.
INTRODUCTION
Outlined within this paper is a program of study, funded by the UK Space Agency's (UKSA) National Space Technology Programme, investigating the application of additive manufacturing (AM) towards space-based optics and astronomical X-ray optics in particular. The rational behind this research is that future X-ray observatories, such as the NASA concept study Lynx , 1 will require a batch production of high spatial resolution lightweight optical components. AM is an ideal technology for batch production with the capability to build (print) several optical components simultaneously; however, questions remain as to the ability to polish the printed substrate, the magnitude of lightweighting that can be achieved and how these might impact upon the optical performance. The UKSA project has both an experimental and a theoretical theme. The experimental theme investigates the optical polishing of a number of commercially available AM substrates and uses the finite element analysis (FEA) tool, topology optimisation, to optimise the lightweighting structure to minimise the polishing print-through effect -this theme is presented herein. The theoretical theme simulates an AM X-ray reflecting prototype system, via ray-tracing, to provide a representative description of the system performance, the conclusion of this theme will be a prototype system that can be fabricated and X-ray tested in the future -this research is described in the paper by C. Feldman et al.,
2 which was also presented at this conference.
Creating reflective surfaces on AM substrates has become an active area of research 3, 4 and the ready ability to lightweight makes AM very appealing where a system is bounded by weight constraints, for example in spacebased applications. In the paper by Sweeney et al., 3 a concave aluminium mirror was fabricated with a form 20 zo error of < 1λ (λ = 633nm) and a surface roughness between 6-8nm root mean square (rms) after diamond turning. A further improvement in form error and roughness was achieved via robotic polishing. In the paper by Herzog et al. 4 two samples were created in aluminium and titanium; an optical surface was not obtained on the titanium, but the aluminium sample was polished to a surface roughness of 22nm rms. These examples highlight a potential for AM to be applied to optics manufacture although further investigation is required to push the optical surface to precision and high precision quality (surface roughness < 2nm and < 0.5nm rms respectively -rule of thumb).
The experimental theme of the UKSA project required the use of commercially available AM facilities in order to reduce the lead time between fabrication and polish. In addition, multiple materials and methods were trialled in order to prevent potential bias towards a single material/method as alternative printing methods may have an advantage -for example the liquid based stereolithography process provides a smoother surface post-build than the so far tested metal laser sintering process. The polishing of the samples was performed at University College London's Optical Science Laboratory (OSL), OSL has prior experience in polishing AM materials and therefore their expertise was particularly beneficial.
Two sets of lightweighted samples were fabricated, the first samples investigated the ability to create a reflective surface using a range of the AM materials. The second samples down selected on material choice and featured an optimised lightweighted design created via the finite element analysis (FEA) tool topology optimisation, where the structure was optimised to minimise the polishing print-through effects.
INITIAL SAMPLE DESIGN AND MANUFACTURE

First sample design
There were three considerations in the design of the first set of samples:
1. To minimise print-through/quilting from the polishing process.
A design that is not traditionally used in optical lightweighting.
3. A optical prescription and dimensions that were quick to polish and measure.
The design shown in Figure 1 was selected; the arches design of lightweighting was chosen due to its historic use in structural design and a flat optical prescription was chosen for ease of polishing and metrology. The diameter of the part was 40mm, with a 4mm thickness of lightweighting and 1mm thick substrates to sandwich the lightweighting. This design is analogous to the sandwich mirror structure, which is often used in traditional lightweighted mirrors, where a mirror can be lightweighted to between 20% → 40% of its original mass.
5 Fabrication of these traditional sandwich mirrors is relatively expensive and technically difficult, therefore to print a sandwich mirror directly has distinct advantages. The samples were fabricated at CA Models; a company local to the UK Astronomy Technology Centre in Edinburgh. CA Models have a variety of AM machines, they print primarily in plastics, but have aluminium capability. The advantage of a local company was the ability to visit the facility and to gain insight into the practical process of printing. The selected materials, based on machine type diversity and optimum material properties, and their corresponding post-processing details are presented in Table 1 . For this proof of concept research, there was a desire to trial unconventional materials and processes. Previous research had demonstrated that optical surfaces could be created using metal laser sintering; however, to the author's knowledge neither stereolithography or selective laser sintering in plastics had been trialled for the production of mirrored surfaces. The mechanical properties of the printed materials are listed in Table 2 . It is immediately evident that is terms of coefficient of thermal expansion (CTE) and Young's modulus that the nominally plastic materials of Bluestone and glass filled nylon are far from desirable; however, the aim was to trial new materials and processes in preparation for what might be possible with improved future capability/materials. 
Metrology post fabrication
Multiple samples were produced out of each process to investigate the quality of the printing process and to quantify the magnitude of post-processing required. Due to the rough surface post-build a contact profilometer was used to assess each sample surface. Three orientations were measured: 0 • , 45
• and 90
• , the 0 • and 90
• orientations are defined using Figure 1 as being from −20mm → 20mm in x and y axes respectively with the disk is in the x, y plane. The profiles from the three raw prints (i.e. immediately removed from the printer) in the 0
• orientation are shown in Figure 2 . The Bluestone profile (upper plot) highlights a periodic structure with approximately the same spatial frequency as the arches lightweighting structure beneath. The sample is smooth with small regular indentations, which are a result of a cracked scum layer which has dried upon the Bluestone substrate after rinsing with iso-propanol to remove excess resin -this scum layer is easily removed leaving a smooth surface below. Using Fourier filters to remove the low-to mid-order spatial frequencies with cut-offs at 2.5mm and 0.8mm, the rms roughness (Rq) of the Bluestone sample was ∼ 4.26µm and ∼ 3.76µm respectively averaging all orientations.
The middle plot shows the raw glass filled nylon sample, this sample exhibited the roughest surface at ∼ 17.09µm Rq for 2.5mm cut-off and ∼ 13.65µm Rq for 0.8mm cut-off. Unlike the Bluestone sample, no periodic features were visually apparent. The raw aluminium print is shown in the bottom plot. The profile demonstrates a periodic structure with roughly the same spatial frequency as the underlying lightweighting structure; however the form of the periodicity is different to that observed in the Bluestone sample -considering the difference in fabrication method this is not unexpected. The Rq of the aluminium sample is ∼ 12.16µm for 2.5mm cut-off and ∼ 8.91µm for the 0.8mm cut-off.
A Fourier analysis of each orientation of the three raw post-print samples is shown in Figure 3 . The Bluestone sample (upper plot) highlights the print-through of the lightweighting structure from fabrication in all axes. In the 0 • and 90
• data a dominant peak is shown at ∼ 6.3mm, whereas in the 45
• data the peak is shifted to ∼ 9.5mm, which is expected considering the measurement is now taken over the diagonal of a grid. An FEA simulation of the design was performed by modelling an applied load upon the optical surface and investigating the distortion caused by the lightweighting upon the optical surface. A Fourier analysis of the 0
• and 45
• simulated line profiles is shown in Figure 4 and it illustrates the expected shift in dominant spatial frequency from 0
• to 45
• -only the form rather than the magnitude of displacement was of interest for this analysis.
The raw aluminium profile (bottom plot) highlights a frequency peak in both the 0 • and 45
• orientations, but not in the 90
• orientation. The location of the peaks are ∼ 6.3mm and ∼ 7.6mm for the 0 • and 45
• orientations respectively, which again is in-line with the FEA simulation in Figure 4 . It is known in the Bluestone and aluminium samples that the building direction of the part is in the 0
• direction, which indicates that the orientation of the part within the machine has some influence on the observed print-through. The glass filled nylon sample does not appear to have any dominant spatial frequencies associated with a print-through of the underlying lightweighting upon the optical surface. Figure 5 highlights the four samples prior to polish. The glass filled nylon and the Bluestone samples were both encapsulated in 100µm pure Ni via electroplating. Due to the non-uniform nature of electrodeposition, 8 which results in edges and corners being plated preferentially, both of the surfaces prior to polishing exhibited a concave form of ∼ 50µm peak-to-valley (PV). The mimicry of electrodeposition caused the periodic structure observed in the Bluestone sample in Figure 2 to be replicated in Ni coating. One aluminium sample had no coating and the only post-processing prior to polish was CNC machining to smooth the surface. The second aluminium part was machined and then coated in electroless Ni (nickel phosphor -NiP); the catalytic coating process ensured a uniform thickness of 100µm.
Samples prior to polish
POLISHING AND METROLOGY
The Optical Science Laboratory (OSL) at University College London was responsible for the grinding and polishing of the four samples. The grinding process used silicon carbide to prepare the surfaces for polish and then the Ni and NiP surfaces were polished using aluminium oxide; the polishing method for the aluminium sample is proprietary. Figure 6 highlights the four polished samples, although it should be noted that the Bluestone, glass filled nylon and aluminium samples were only semi-polished as only an assessment of their ability to be polished was required.
Sample polishing -overview
The electroplated Ni on the Bluestone and glass filled nylon samples exhibited small pits within the deposit. The glass filled nylon sample was rough prior to electroplating and this required that the majority of the Ni was removed in the grinding process before a suitable surface to polish could be obtained. Figure 7 (a) demonstrates how sections of the Ni were completely removed from the glass filled nylon sample, revealing the thin (20µm) copper bonding layer beneath. Previous Ni polishing at OSL demonstrated a surface roughness of ∼ 4nm rms on a Ni-carbon-fibre composite mirror;
9 this value provided a benchmark for the anticipated surface roughness of Bluestone and glass filled nylon samples.
The surface of the aluminium sample exhibited several deep pits as highlighted in Figure 7 (b). It is suspected that these are either due to porosity within the material or from over-polishing resulting in a 'lifting' of granules from the surface. Aluminium is a soft material to polish which results in a poorer final surface quality, therefore a comparable surface quality to the nickel surfaces was not expected.
The aluminium + NiP sample was expected to demonstrate the best surface quality of the set, NiP is often used in optics fabrication and a surface roughness <1 nm rms is possible. 10 In addition, OSL has several years experience polishing the aluminium + NiP combination to a high surface quality, including in the X-ray domain.
11 One advantage of coating in NiP, or Ni, is that it removes any concern of the porosity within the printed substrate.
Surface roughness
The surface roughness of the samples was measured using the WYKO white-light microscope interferometer at OSL. A summary of the different roughness parameters are presented in Table 3 , each value is an average of several measurements, although it should be noted that these values represent good quality data, as opposed to locations dominated by large pits in the case of aluminium, or visible copper in the case of glass filled nylon + Ni.
The semi-polished Ni surfaces of the Bluestone and glass filled nylon samples are similar in terms of roughness as expected. The slightly worse roughness on the glass filled nylon sample can be explained due to the excessive Ni removal required due to the initial rougher substrate. An approximate scale of the pitting that was observed in the Ni deposit can be seen in Figure 8 An example of the surface texture for the aluminium + NiP sample is shown in Figure 8 (b). Unlike the other three samples there is no evidence of pitting within the NiP deposit. The rms roughness (Sq) for the sample is ∼ 2.51nm, although this is considered 'rough' for the X-ray domain, this surface finish would be defined as near precision quality at visible wavelengths. It is suspected that the peak-to-valley (St) value for the aluminium + NiP is an over-estimation caused by a series of bad pixels in the bottom right of Figure 8 (b).
Surface form
The optical prescription of the samples was defined to be flat; this was specified for ease of polish and metrology. The Talysurf Intra profilometric measurements were performed in the three orientations as outlined in Section 2.2. Table 4 highlights the average form error values, in terms of PV, absolute mean and rms, for all orientations for each sample. All of the four samples exhibited a concave form post-polish and the removal of this low order term was performed using a Fourier filter with a cut-off of 10mm.
The Bluestone and glass filled nylon samples demonstrated a strongly concave form with a PV of ∼ 2.5µm and ∼ 4.2µm respectively. These values are significantly greater in magnitude than the two aluminium substrates, the explanation for this is due to less time being spent polishing these samples than the aluminium substrates. In contrast the aluminium substrates are much flatter and exhibit a PV of < 1λ (λ = 633nm). Figure 9 highlights the 0
• orientation data for the four samples and this data links to the low order removal data in Table 4 . The Bluestone plot indicates a strong periodic feature which is likely consistent with polishing print-through effects and also demonstrates an increased roughness towards the edges of the sample. The glass filled nylon sample appears to have some localised periodic structures which possibly indicates polishing printthrough; however, a lack of the continuation of the period suggests that this may not be the case. The aluminium sample is relatively flat, but pits are dominant in the surface highlighting the rough nature of the surface. In contrast the aluminium + NiP is smooth and flat; however, upon further inspection an additional frequency is observed which has a period of ∼ 1.3mm. The period of this artefact is inconsistent with a print-through effect and therefore it is deemed to be a polishing artefact. Table 5 highlights the weight of the samples at different stages during the production process. The benefit of using the lower density materials, Bluestone and glass filled nylon, is negated when the Ni is added for the polishing layer; however, the harder surface for polishing did provide better results in terms of surface roughness than the softer aluminium substrate at a similar weight. The aluminium + NiP was significantly heavier than the other three samples, but it did demonstrate the best optical surface qualities. The weights noted for the aluminium sample suggest zero mass removal; this is known to be inaccurate and the error is likely due to two different sets of scales being used in its measure with potential error in their calibration, it is suspected that between 0.1-0.3g of material was probably removed. a -Alternative measurement equipment was used.
Sample weights
Polishing conclusion
This section has described the ability to create reflective surfaces using three different AM material combined with three different polished surfaces. The goal was to provide metrology data from which an assessment of the sample's optical surface could be made leading to a down selection for the second set of samples. Ideally further research would be undertaken to clarify the polishing print-through suspected in the glass filled nylon sample and to identify the origin of the small pits exhibited in the electroplated Ni deposit.
TOPOLOGY OPTIMISATION
The previous section demonstrated that it is possible to create optical surfaces using commercial additive manufacturing. Now, considering the scope that AM offers in terms of previously impossible structures, the user now has a wider design space than before. The questions becomes, 'if you can build almost any design, how do you select the best?'
Topology optimisation is a finite element analysis tool that can be used to optimise a structural design for a given mass fraction by minimising the total internal strain energy of the system. [13] [14] [15] [16] Figure 10 highlights the concept of topological optimisation, the left image highlights a typical CAD/FEA design where a force is applied to the top substrate and the base is fixed in x, y, and z. The image on the right highlights the resultant topological design for a 50% mass reduction.
The magnitude of the mass removal can be controlled by varying the gamma (γ) value; this is a value between 0 and 1, where 0 represents zero mass removal and 1 refers to 100% mass removal. To create the pillar structure in Figure 10 , the topology optimisation penalises each element in the mesh to a value between 1 and 0 and this in turn is multiplied by the Young's modulus of the material. Therefore if γ = 0.5, 50% of the penalisation will be 1s and 50% will be 0s and in turn this will result in only 50% of the mass being equal to the material's Young's modulus (the remainder is equal to 0). Examples of how topology optimisation has previously been applied to mirror design can be seen in the papers by Qu, Y. et al. 17 and Liu, J. et al. 
Second sample topological design
In the design of the second sample the thickness of the top and bottom substrates was reduced from 1mm to 0.5mm, this was done partly as a means to reduce weight, but also to bring the substrate thickness in line with the thickness of current lightweight X-ray optics. 19, 20 Topology optimisation was used to redesign the lightweighting support structure in the hope that the optimised lightweighting would help minimise the increase in polishing print-through effect caused by the reduction in substrate thickness. Figure 11 depicts how topology optimisation has been applied to the sample; γ has been decreased from 0.5 to 0.3 and the influence of this mass reduction is demonstrated in the geometry change. A ring structure is simulated when γ = 0.5 and γ = 0.4; however, at γ = 0.3 the ring structure breaks down and a 'pillar' structure is considered optimal. The pillar structure at γ = 0.3 was considered undesirable as the surface form error of the print-through effect would change depending on the measurement orientation on the optical surface. Therefore the point at which the ring structure breaks down to the pillar structure was sought. Figure 12 highlights the point at which the ring structure breaks down. It can be seen that the maximum mass removal, while maintaining a continuous ring structure, is at γ = 0.38. 
DESIGN AND MANUFACTURE OF OPTIMISED SAMPLES.
The materials from the first study were down selected so that only two samples would be fabricated in the second round. The material combinations selected were: aluminium + NiP and Bluestone + Ni. The aluminium + NiP gave the best overall results in terms of surface roughness and form error despite being the heaviest sample. The Bluestone + Ni gave the second best surface roughness, but the best surface immediately post-build, in addition the stereolithography method was deemed a good contrast to the metal laser system of the aluminium.
The topology optimisation at γ = 0.38 was used as a template to design the new sample - Figure 13 . The first iteration of the design modelled the optimisation faithfully, including the trough observed on the top of the ring supports. As shown in Figure 13 , the inclusion of the trough required a design modification in order to allow the removal of the non-solidified material from the cavity -without removal of the non-solidified material the lightweighting advantage of the trough would be null and the part will potentially become a composite with i / Figure 12 . a) 37.5% of mass remaining -broken ring structure, b) 38% of mass remaining -complete ring structure different material properties. Therefore access to the non-solidified material was required and achieved through the addition of narrow channels, 0.5mm in diameter, reaching from the base to the trough. Upon consultation with CA Models the design was deemed printable, but the narrow channels could not be fabricated without the possibility of fusion between the channel walls. It was suggested that the minimum channel diameter should be ∼ 1mm in diameter, but unfortunately this was approximately the width of the supports, therefore a redesign of the lightweighting structure was required. Figure 14 a) and b) show the redesign. The troughs are now located at the base of the structure as this allows direct access to the hollow in order to remove the non-solidified material. The base has been lightweighted to allow removal of the non-solidified material between the rings, but a secondary consideration is to allow the part to be further lightweighted as a solid base was not necessarily required.
Unfortunately when this new sample was built in the aluminium, the supports that held the sample during build caused damage to the the thin hexagonal lightweighted base structure upon removal. Therefore a further redesign of the base was was required for the aluminium sample. The Bluestone sample however built well via the stereolithography process (Figure 14 c) ). Figure 15 a) and b) depict the re-design for the aluminium sample and the successful print is shown in Figure 15 c) . Only the base of the sample was altered, the lightweighting and the top remain identical to the Bluestone sample and therefore the spatial frequencies of polishing print-through should be nominally identical. The samples depicted in Figures 14 c) and 15 c) were completed in mid August 2017 and will now undergo contact profilometry to characterise their surfaces in preparation for polishing. It is expected that a complete polish on both samples will be complete by the end of September 2017. Finally, interms of weight, The Bluestone samples before and after Ni coating were ∼ 4.2g and ∼ 6.2g respectively and the weight of the milled aluminium sample was ∼ 6.4g. In comparison with the first set of samples this is an approximate one third weight reduction.
SUMMARY AND FUTURE WORK
Summary
This paper has outlined the progress made in the experimental theme of a UKSA funded project titled 'Additive manufactured space-based optics'. One goal of the experimental theme was to use commercially available additive manufacturing capabilities to create a number of samples which were then polished to evaluate the quality of the mirror surface -this has been demonstrated in Sections 2 and 3. The second goal of the experimental theme was to investigate new lightweighting techniques and how these could be applied to a second sample design. Topology optimisation has been applied to achieve this goal and its implementation has been discussed in Sections 4 and 5.
Future work
In the immediate future of the UKSA project which is due to complete in September 2017, the new Bluestone + Ni and aluminium + NiP samples will be polished in the hope that better optical surfaces will be achieved. In parallel the theoretical theme outlined in Feldman et al. 2 will finalise an X-ray reflecting prototype design based on the results within this paper and if future funding should become available, the design will be fabricated and then tested at the University of Leicester X-ray tunnel test facility.
Upon completion of this project, the direction of this research will be towards materials with more suitable physical properties for optical applications, such as low CTE and higher Young's modulus. In addition, the dimensions of the samples will be increased, as it is anticipated that in doing so the stress created in the part during build may become more apparent. Finally the authors would like to acknowledge the grant received from the UK Space Agency's National Space Technology Programme (NSTP3-PF-007) which has directly funded this research.
